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Abstract—We investigate the use of fixed analogue
transmit beamforming for downlink communication in
millimetre-wave (mmWave) band ultra-dense networks
(UDNs) at 73GHz. Our simulation study is based on 3D
radiation patterns using a real design of large planar
antenna arrays with different horizontal beamwidths and
full characterisation of interference. The effects of network
densification are captured through different ratios of the
number of access points (APs) to the number of users. We
quantify the system’s performance by evaluating outage
and achievable rate. The results show that users with rates
around the mean benefit more from the densification than
from narrowing the beamwidth, but for users with low
rates, narrow beams also provide a significant increase in
throughput.

I. I NTRODUCTION
Reducing cell size to improve network capacity has
been extensively used in the previous generations of cellular networks. Undoubtedly, this trend of densification
of access points (APs) is expected to continue with the
network evolution to 5G and beyond [1]–[3]. With the
emphasis on providing immense capacity in hot-spots,
the densification will be centred around Ultra-Dense
Networks (UDNs) with low power nodes, characterised
by short inter-site distance, catering mostly for lowmobility scenarios [4].
Pivotal to the densification of future networks will be
millimetre-wave (mmWave) spectrum, formally defined
as the frequency range between 30 and 300GHz1 .
mmWave spectrum offers large bandwidths required to
support low latency and very high bit rate applications
of 5G and beyond. Unlike the sub-6GHz frequency
bands, the mmWave frequency bands provide challenging, but also attractive propagation characteristics
when it comes to UDNs. Namely, the mmWave communications channel is characterised by increased path
losses and is highly sensitive to blockages, and often
consists of only a few communication paths. While
these effects introduce several challenges when it comes
to reliable communications, they allow for higher spatial
frequency reuse, which is a fundamental principle of
1 Industry often uses term mmWave band to denote frequencies
between 10GHz and 100GHz, whereas frequencies between 100 and
300GHz are referred to as ”sub-terahertz” [5].

UDNs. Furthermore, highly directional transmission,
which is one of the main features of the mmWave
systems, compensates for the significant propagation
and penetration losses, and further aids higher spatial
frequency reuse.
Directionality in mmWave will be achieved through
beamforming since at these frequencies, wavelengths
provide small spacing between antenna elements. This
small spacing then facilitates transceiver architectures
with large antenna arrays, which can create a desired
radiation pattern that increases antenna gain for the best
path and minimises interference for all other directions.
However, these radiation patterns are complex, with
numerous side-lobes and nulls scattered across all directions. The radiation patterns are obtained by applying
adjusted phase and amplitude excitations at each antenna element, eliminating the need for mechanical movement [6]. The adjustments can be realised in analogue
or a digital domain. Analogue beamforming, normally
implemented using phase shifters, has limited flexibility
in dynamically controlling the radiation pattern. Despite
this, analogue beamforming is attractive mostly for its
simplicity in terms of the number of the required RF
chains [7]. On the other hand, digital beamforming
relies on the active components that allow fast readjustment of phase and amplitude. However, digital
beamforming at mmWave frequencies is prohibitive in
terms of complexity, power consumption and cost in
general, as it requires a large number of RF chains (1
dedicated RF chain per antenna element) [7]. For these
reasons, currently proposed mmWave solutions focus
on hybrid configurations, which split beamforming into
digital and analogue domains, where an analogue beamformer typically consists of a number of sub-arrays,
where each sub-array has a dedicated RF chain.
Considering that mmWave and UDNs - key technologies for future wireless communication, both present
challenges in their own right, a deeper understanding
of the realistic mmWave UDN deployments is needed.
The deployment considerations should include aspects
ranging from actual antenna patterns and complexity of
hardware architectures to those reflecting the expected
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distribution of users and APs. In that regard, the paper
intends to contribute to the state-of-the-art by providing
the antenna design for sectored APs at 73GHz and
detailed performance analysis of the mmWave UDNs
with clustered user distribution and different densities
of APs. We consider simple beamforming architectures
- transmit beamforming and employ well established
specialised tool (i.e. CST Microwave Studio [8]) to
obtain realistic 3D radiation patterns for different horizontal beamwidths of 3 , 6 , 10 and 15 , and vertical beamwidth of 10 . Each AP provides all-around
coverage with four two-dimensional arrays steerable in
the azimuthal plane.
A. Related work & main contributions
A body of work has started to emerge on systemlevel performance aspects of mmWave cellular systems.
Some focus on analytical approaches, such as the work
in [7], which provides a comprehensive overview of the
analytical techniques as well as state-of-the-art on mmWave and key considerations in the design of mmWave
systems. A notable numerical and experimental analysis
is given in [9], where the authors provide a detailed
statistical mmWave channel model and parameters for
28GHz and 73GHz, obtained using highly directional
horn antennas. The system capacity analysis incorporates transmitter and receiver beamforming gains,
which are derived based on the experimentally obtained
channel model, assuming specific array configurations.
A numerical case study in [10] analyses downlink performance aspects of the 73GHz mmWave network with
the increasing density of base stations. The study uses
analytically-obtained antenna patterns, assuming specific array configurations on the transmitter and receiver
side. It also compares mmWave network performance
with the 2GHz microwave omnidirectional network. A
comprehensive analysis of UDNs with different small
cells densities, where inter-site distances range from
200 to 5 meters is given in [3]. The study is done
for different user densities, and for the sub-6GHz and
10GHz frequencies. In terms of beamforming, the work
considers digital beamforming (in the horizontal plane)
and 4x4 antenna elements. In [11], the authors, amongst
others, analyse system-level aspects of analogue beamforming with analytically synthesised antenna patterns
in a mmWave network with 3-sector sites, taking into
account imperfect channel feedback, as well as the
impact of some hardware impairments.
Recent work in [12] pursues a similar objective to our
work in considering the implications of realistic antenna
patterns on the system-level performance in mmWave
networks. There, the antenna arrays are used at the
transmitter and receiver, with the base station array
covering 120 sector. The array radiation pattern uses
simulated single patch antenna, while the array factor
is based on the analytical expression. The work focuses

on the SINR distributions. Our work, on the other
hand, addresses fixed analogue transmit beamforming
on the downlink, with the designed antenna array at
73GHz and 3D radiation patterns that capture a range
of horizontal beamwidths. Furthermore, system level simulations focus on the rate aspects of the performance,
taking into account the implications of a single and
multi-beam transmission per a sector/array.
In summary, our work advances the antenna design and
current mmWave system-level studies by providing the
following main contributions:
1) 3D antenna design at 73GHz for sectored APs,
with horizontal beamwidths of 3 , 6 ,10 and
15 , and vertical beamwidth of 10 .
2) Detailed analysis of mmWave UDNs with fixed
transmit beamforming, which incorporates the exact 3D antenna patterns and UDN scenarios that
feature different density of APs and clustered user
distribution.
3) A comparison of the beamforming architecture
complexity effects on the user rate. The baseline
scenario with one RF chain per a sector/array
is compared with a more complex architecture
with multi-beam transmission, serving a number
of users at a time.
II. S YSTEM M ODEL
This section describes the key components of our
system model, starting with a brief description of the
adopted mmWave channel model. The section then
describes the overall scenario, including the simulation
setup. Finally, we present and discuss the radiation
patterns.
A. mmWave Channel Model
We adopt a channel model accounting for free
space losses, as well as for three propagation states,
namely Line-of-Sight(LoS), Non-Line-of-Sight(NLoS)
and outage [9]. For clarity, in this paper, the outage
state within the channel model is referred to as out-ofrange state. For a given placement of the transmitter and
the receiver, assuming that no out-of-range state occurs,
path-loss is modelled as:
P L [d] = ↵ + 10 log10 (d) + ⇠[dB],

(1)

where ⇠ ⇠ N 0, 2 with d being the distance between
the transmitter and the receiver, measured in meters.
For a given frequency, parameters ↵, , and 2 vary
depending on the existence of a LoS path. On the other
hand, in case of out-of-range state, path-loss equals to
infinity.
Given the above mentioned three states, for the full
characterisation of the channel, the knowledge of the
probability of the occurrence for each state is required.
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For distance d between the transmitter and the receiver,
these probabilities are computed as:
pout (d) = max (0, 1 exp ( aout d + bout )) ,
pLoS (d) = (1 pout (d)) exp ( alos d) ,
pN LoS (d) = 1

pout (d)

(2)

pLoS (d) .

Values for parameters alos , aout , bout can be found in
[9].
B. Overall setup
Our scenario considers deployments with different
ratios between the number of mmWave APs and active
users. While the focus of the analysis is on UDNs,
where the AP/user density ratio is expected to be greater
or equal to 1, we also depict the cases where there are
2⇥ and 3⇥ more users than mmWave APs. The inclusion of these cases is done to aid better understanding
of the impact of the density of mmWave APs with real
antenna patterns.
Furthermore, our deployment scenario features clustered distribution of users and distribution of mmWave
APs that has constraints on the minimum inter-site
distance. Namely, the mmWave APs are randomly distributed in an area similar to Fig. 1, with the constraints
on the minimum distance between the nodes as outlined
in [13]. Half of the total number of users are clustered
around APs - i.e. they are dropped within a certain
distance from APs (40m), as specified in [13]. The
remainder of users is randomly distributed over the
simulation area, although a user may still be dropped
close to an AP. Such a configuration, therefore, reflects
a typical user distribution and deployment of APs in
dense urban areas.
front
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Prk,l
= Ptx
i,j

P Li,j + Gtx (

k,l k,l
i,j , ✓i,j )
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(3)

Here, Ptx is the fixed transmit power of the antenna
beam (in dBm), and P Li,j is distance-dependent pathk,l
loss between user i and AP j (in dB). Gtx ( k,l
i,j , ✓i,j ) is
the transmit beamforming gain (in dBi) that depends on
the user’s azimuth and elevation, with respect to sector
k, computed using the radiation pattern of beam l. Gri
is the receiver antenna gain (in dBi) for user i, which
is a constant in this work. Hence, for each user, the
combination of an AP, sector and a beam that provides
the maximum received power is selected. Once such a
combination is selected, we compute interference from
all other (active) beams/APs. Besides path-loss, this
computation requires calculating beamforming gain for
the user’s azimuth and elevation angles to the interfering
APs, using the radiation pattern of the interfering beam.
Since we use elaborate antenna patterns, it is possible
to determine the interference levels quite precisely.
The baseline scenario in our analysis considers a
single RF chain per a sector/array, whereby an array,
at any point in time, radiates a single beam, serving a
single user. In other words, each side of an AP houses
antenna array that provides a single fixed beam steered
towards a particular angle. If two or more users share
the same sector/array, the assumption is that they are
time-multiplexed and each user is allocated an equal
share of the downlink, in time. Hence, a random user i
experiences data rate:

Z

HS

Y

HS

covers 90 of azimuth. The arrays are steerable only
in the azimuthal plane.
A single AP serves a randomly distributed user. The
received power for user i from AP j, given sector/array
k, and the corresponding beam l that covers the user is
calculated as:

WC = LC

X

RO 3035
Copper

Fig. 1. Deployment scenario with different ratios of AP/user density.
Each AP houses four rectangular arrays. The picture also depicts the
front and side view of the antenna.

The coverage area of a mmWave AP is sectored using
four N ⇥ M planar arrays so that each sector/array

Ri = ⌘i · B · SE i ,

(4)

where ⌘ 2 (0, 1] reflects the effects of this timepartitioning, B is the available bandwidth and SE i is the
spectral efficiency of user i. For a user within a shared
sector/array, factor ⌘ reflects scheduling of beams in the
time domain and is, therefore, inversely proportional to
the number of unique beams that cover users within that
sector/array. For example, if there are K users that share
a sector/array, where each user falls under the coverage
of a distinct beam, for each user ⌘ = 1/K. If users are
in such proximity that they also share the same beam,
for these users, factor ⌘ is further reduced as a result of
employing intra-beam time-domain scheduling, which
ensures orthogonality of multiple access to the beam.
Spectral efficiency is calculated to account for the
finite code-length and modulation, according to [9] and
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[14]2 :
SE = min[log2 (1 + 100.1⇥(SNR

)

), SE max ]

(5)

where SE max is the maximum spectral efficiency,
and
is a loss factor.
Finally, outage, also analysed in this paper, describes
the fraction of users (averaged over space in this case)
that will achieve a SINR  T , where T is some
predefined threshold [7]. Hence, all users whose channel
state is out-of-range (for all APs) will be a part of
outage statistics, as well as users whose SINR (due to
noise and/or interference) does not reach the threshold
required by the receiver.
1) Simulation setup: Table I outlines the main parameters used in our Matlab-based simulations. The mmWave APs are randomly distributed in a 500 m⇥500 m
square area, with 75 active users, which equates to
300 active users/km2, similar to the assumptions in
[3]. Simulations are averaged over 1000 snapshots,
where each snapshot represent a random realisation of
distribution of users and APs.
Constraints on the minimum distance between the
APs, as well as on the distance between the APs and
the users, are according to Table I. Furthermore, as
mentioned earlier, half of the users are clustered around
APs.
TABLE I
S IMULATION SETUP
Operating frequency
Bandwidth (B)
Maximum spectral efficiency
& spectral efficiency loss
# active users
#APs / # users ratio
Min user distance to an AP
Min AP to AP distance
AP & UE height
Half-power
beamwidth
(HPBW) - azimuth
Half-power
beamwidth
(HPBW) - elevation
Tx power (beam)
Rx gain

73GHz
1GHz
SEmax = 4.8b/s/Hz
&
= 3 dB ( [9])
300/km2
0.3, 0.5, 1, 1.5
10m
40m
10m & 1.5m
3 , 6 , 10 , 15
10
30 dBm
0 dBi

C. Radiation patterns
The antennas were designed using CST Microwave
Studio software [8] and are depicted in Fig. 1. The
CST Microwave Studio is a state-of-the-art full-wave
electromagnetic simulator utilizing Finite Integration
Technique. The software has a high-reliability record
and is routinely used for design of industrial antennas.
2 The authors in [14] use the modified Shannon capacity formula
that captures losses due to the finite code-length and modulation, and
bandwidth efficiency. In this paper, we do not consider bandwidth
efficiency, and we use the SE formula as in [9].

The antennas are slot antenna arrays, implemented in a
Rogers RO3035 substrate of 0.62 mm height (relative
permittivity ✏r = 3.5 and loss coefficient = 0.0015).
The front of the board consists of a copper layer, in
which a grid of narrow slots with width WS = 0.1 mm
and height Hs = 1.4mm was etched, as demonstrated
in Fig. 1. Distances between edges of neighbouring slots
in horizontal and vertical directions are respectively
DH = 1.96mm and DV = 0.65mm. This corresponds
to the phase centres being separated by half-wavelength
at 73GHz. Each slot is backed by a cavity in the
RO3035 dielectric substrate of width and length Wc =
Lc = 1.5mm and depth Dc = 0.55mm. The cavities
simulate antenna feed network implemented in Substrate Integrated Wave-guide (SIW) technology. This
technology is commonly used for mmWave frequencies,
as it offers the benefit of low-cost and flexibility. In
the horizontal plane, the half-power beamwidth varies
with the number of elements in the array and may have
15 , 10 , 6 or 3 half-power beamwidth for arrays
that are respectively 8 by 7, 10, 18 or 34 elements. The
maximum realised gain also increases with the number
of elements in the array and is respectively: 20.8, 22.3,
24.8 and 27.6 dBi. For each array, a sufficient number of
beams is generated to cover 90 sector with half-power
beamwidths. The side-lobes in the horizontal plane are
approximately 13 dB below the main beam maxima,
which is typical for antenna arrays with uniform power
excitation. Fig. 2 shows the exemplary radiation patterns
of an array with 15 half-power beamwidth (8 by 7
elements array), which is representative of all four AP
sectors/arrays. In the azimuthal plane, the beams are
symmetric around 0 of each array, as depicted by the
solid and dashed lines on the left-hand side of Fig. 2. In
the elevation plane, depicted on the right-hand side of
Fig. 2, every radiation pattern exhibits main beam with
15 half-power beamwidth, that is tilted 10 below the
horizon. It can be observed that beams directed further
away from azimuth angle
=0 (i.e. vector normal
to the plane of the array) exhibit greater side-lobes in
the elevation plane, which is the consequence of using
flat antenna array panel. All patterns used in this paper
were generated by simulated electromagnetic fields in
the above-described structure (CST Microwave Studio).
III. R ESULTS
The focus of this paper is the analysis of the effects
that the AP/user density ratio and the antenna patterns,
corresponding to a particular beamwidth, have on the
average user outage and rate. We start with the outage
performance, depicted in Fig. 3. Lower AP/user density
ratios of 0.3 and 0.5 are also considered to demonstrate
the improvement that UDNs carry. A notable difference
in outage can be observed between the case of AP/user
density of 0.3 and all other cases, which provide coverage for more than 95 % of users. High AP/user
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Fig. 2. Horizontal and vertical radiation pattern for 15 HPBW (azimuth).

density ratios of 1 and 1.5 practically remove outage,
regardless of the beamwidth, as almost all users are
within the line of sight of a serving cell. Furthermore,
out-of-range state within the channel model, introduced
for mmWave links according to Eq. (2), helps significantly in subsiding interference. Namely, we found
that over 70% of non-serving nodes have infinite pathloss. In addition, the directionality of communication
also aids SINR, particularly in the case when network
deployment is not so dense, such as with 0.3 and
0.5 AP/user density ratios. In these cases, there is a
significant difference in outage performance between,
e.g. 3 and 15 HPBW. Fig. 4 depicts user rate CDFs

Average fraction of users out of coverage (%)

14

12

AP/user density ratio =0.3
AP/user density ratio =0.5
AP/user density ratio =1.0
AP/user density ratio =1.5

10

8

6

4

2

0
3

6

10

15

Half-Power Beamwidth ( ° )

Fig. 3. Outage statistics for different cell/user density ratios and
azimuth HPBWs. The threshold value of 0 dB is used to calculate
the outage.

for different beamwidths and AP/user density ratio of 1.
A few trends can be observed from the plot. Firstly, for
all beamwidths, the maximum rate is limited to 4.8 Gb/s
due to the limit on the achievable spectral efficiency
according to Eq. (5) and the available bandwidth of

1GHz. With HPBW of 3 , the probability that a random
user will experience a maximum achievable rate is
0.68, whereas, with HPBW of 15 , this value drops to
0.41. Hence, the narrow beamwidth of 3 significantly
increases the probability that a user will achieve SINR
that will provide the best possible spectral efficiency,
according to Eq. (5), compared to the case of HPBW
of 15 . We can also see that there is no difference in the
median rate between different beamwidths, apart from
the 15 HPBW case. The situation is different for the
users experiencing the lowest rates. For HPBW of 3 ,
the 5th-percentile user rate is 1.6 Gb/s, which drops to
1.08 Gb/s with 10 and 870 Mbps for 15 . Finally, an
important trend that can be observed for all beamwidths
is the appearance of discontinuities or steps in the CDF.
They appear across a range of user rates as a result of
two factors: i) maximum spectral efficiency and ii) ⌘
factor, which accounts for a single-beam transmission
per a sector/array and intra-beam scheduling, which is
applied when users fall under the coverage of the same
beam. Namely, if each sector/array were serving a single
user, ⌘ = 1. In that case, the users with maximum
spectral efficiency would experience maximum rate of
4.8 Gb/s. However, with users sharing sectors/arrays,
factor ⌘ is reduced (its denominator becomes higher
than 1), reducing their rate accordingly. This is the
reason the discontinuities appear at a fraction of the
maximum rate, i.e. at 2.4 Gb/s, 1.6 Gb/s, 1.2 Gb/s, etc.
Fig. 5 depicts the mean and 5(%)-ile user rates for
the considered density of APs and beamwidths. In both
cases, the AP density is the most significant factor that
impacts the results. For example, the improvement in
the mean user rate (Fig. 5a) for 3 degrees HPBW is 26%
when AP/user density ratio is increased from 0.5 to 1.5.
For 15 degrees HPBW, this is even more prominent - the
improvement is 34.8%. The same trend of a significant
increase in the mean user rate is seen when AP/user
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Fig. 4. User rate CDF for AP/user density ratio of 1 and different
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density ratio increases from 0.5 to 1, again with wider
beams seeing somewhat better throughput. However,
increasing AP/user density ratio from 1 to 1.5 not only
does not provide such significant gains for the mean
user rate, but the difference in the improvement between
different beamwidths is negligible. For the users with
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Fig. 5. Mean and 5(%)-ile user rates for different cell/user density
ratios and azimuth HPBWs
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a)
4

Median user rate (Gb/s)

Empirical CDF

0.5

0.5 to 1 results in increases in user rate from 58% (3
HPBW) to 98% (10 HPBW). Different from the mean
user rate, here when increasing AP/user density ratio
from 1 to 1.5, there is still a solid improvement to
the rate for most beamwidths (between 15% and 20%),
while 3 HPBW sees over 43% improvement.
Finally, in scenarios similar to the one considered in
this paper, particular attention deserves the impact of
APs beamforming architectures, particularly the implications of enabling multi-beam transmissions in each
sector. As outlined in Section II-B, our analysis is
focused on the baseline scenario with a single-beam
transmission, where a single user is served at a time.
If, on the other hand, APs are enhanced with multiple
RF chains to support multi-beam transmission in each
AP sector, there will be no requirement for scheduling
of user transmissions, regardless of their positions. Of
course, such a case will result in an increased interference for closely spaced users if no other measures
are taken for cancellation of interference (such as, e.g.
receive beamforming). Nevertheless, factor ⌘ will take
on value 1 for all users, and the rate will only be
capped by the maximum achievable spectral efficiency
and the bandwidth. Fig. 6a depicts the improvement
in the median rate provided by such an enhanced AP
configuration with multi-beam (non-orthogonal) transmission for the case of 6 . A considerable increase
can be seen in the median throughput for low AP/user
density ratios, due to the impact of ⌘. However, there
is no difference between the two cases for the high
density of APs. Fig. 6b provides user rate distribution
for AP/user density ratio of 1 for both cases. Note
a degradation in performance of this enhanced AP,
supporting multi-beam transmission, compared to the
baseline scenario for the 7th percentile user rate. This
comes as result of interference within the same AP
sector. However, between 7th and 40th percentile, multibeam even with non-orthogonal transmission provides
much better performance than the baseline scenario.

2.5
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0.4

0.3

0.2
Baseline scenario

1

Multi-beam transmission

0.1

the lowest rates (Fig. 5b), large increases of rates can
be observed for most cases when AP/user density ratio
is increased. Another notable trend is that the impact of
beamwidth is also more pronounced compared to the
mean user rate. Increasing AP/user density ratio from
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AP/user density ratio

1.5

0

1

2

3

4

5

Rate(Gb/s)

Fig. 6. Comparison between the baseline scenario and the multi-beam
transmission - the case of HPBW of 6 is shown
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IV. C ONCLUSION
This paper addresses performance aspects of mmWave UDNs with analogue transmit beamforming,
which due to numerous practical limitations, may be
the most optimum choice for downlink data delivery
at least in the initial mmWave UDN deployments.
We performed extensive computer simulations in the
73GHz band, using realistic propagation model available in the literature, and most importantly, the elaborate
representation of beams obtained through real planar
antenna array design. The performance metrics included
empirical outage rates and achievable bit-rates, with
respect to different AP/user density ratios and halfpower beamwidths. Our results show that the ratio of
the number of APs to the number of users of one
provides a breaking point since it is the ratio for which
there is a significant reduction in the occurrence of
users in the complete outage. With the AP density that
exceeds the user density, the change in the outage rate
is negligible and does not show substantial dependence
on the beamwidth. As for the user rate, as expected, the
AP density is the dominant factor. Nevertheless, for the
same AP density, it is notable that users with lower
rates also benefit significantly from narrower beams.
For instance, if beamwidth is reduced from 15 to
3 , the 5%-ile rate increases by more than 80% for
AP/user density ratio of 1, while for other considered
ratios, the improvement is even more significant. We
also compared the rate of our baseline single-beam
transmission scenario with the case of multiple RF
chains that support multi-beam, non-orthogonal transmissions. In general, when these multiple beams are
sufficiently spatially separated, interference levels are
low, and the more complex, latter architecture provides
better throughput. However, for a small number of
users located in the proximity of each other, beamwidth
as narrow as 3 is not sufficient for adequate spatial
filtration. Then, single-beam transmission and simple
time-sharing of the RF chain provides better throughput.
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